An electrically tunable pico-projector adopting a liquid crystal (LC) lens as an active optical element is demonstrated. The focal length of this picoprojector is electrically tunable from 350 to 14 cm and the tunable range is even wider than that of a manually focused pico-projector. The response times of turn-on and turn-off are approximately 313 and 880 ms, respectively. In addition, the location of the projection lens can affect the electrically tunable range of the system. A small shift of the projection lens results in the large tunable focusing range of the pico-projector and a tunable focusing range is determined by the LC lens. The optical analysis is also discussed. This concept can even be applied to design other electrically auto focusing pico-projectors based on other optical elements such as liquid lenses and spatial light modulators.
Introduction
Pico-projectors can generate a portable instant screen for pocket devices and are important in many applications such as cell phones, digital cameras, and tablet personal computers (PCs). [1] [2] [3] There are three kinds of pico-projectors in general: liquid-crystal-on-silicon (LCOS)-based pico-projectors, digital light processing (DLP)-based pico-projectors, and laser-scanning pico-projectors. [1] [2] [3] Unlike laser-scanning pico-projectors, LCOS-based systems and DLP-based systems require focusing elements or projection lenses for focusing the projected image on the screen for observation. By changing the position of the projection lens, the focal length in the LCOS-or DLP-based pico-projectors is manually switchable. Generally, manually focused picoprojectors are bulky because of the packaging of the set of projection lenses and the manual switching device. Therefore, in order to obtain a pico-projector with reduced weight and electrically tunable focusing properties, we can replace the manually switchable projection lenses with electrically tunable lenses. To achieve the electrically tunable focusing of pico-projectors, electrically tunable focusing lenses can be adopted such as liquid lenses and liquid crystal (LC) lenses. In this study, to demonstrate this concept, we keep the projection lens in the pico-projector and use a LC lens as an active optical element. We then demonstrate an electrically tunable focusing LCOS-based pico-projector by using a LC lens as an active optical element. Without attaching a polarizer on the LC lens, the optical efficiency is not decreased by the polarizer. The electrically tunable range of the image distance of the proposed pico-projector is approximately 350 to 14 cm and the response time is approximately 1.2 s. The tunable range of the focal length of the pico-projector also depends on the position of the projection lens. The image performance of the electrically tunable focusing pico-projector is demonstrated.
Structure and Operating Principles
Figure 1(a) illustrates the structure of the electrically tunable pico-projector using a LC lens as an active optical element. In Fig. 1(a) , the white light from a light-emitting diode (LED; XRE-Q5 CREE) passes through a relay lens to obtain a beam with uniform irradiance. A pre-polarizer and a polarizing beam splitter (PBS) are used for obtaining the crossed polarization of light with a high extinction ratio when the light is incident to and then reflected by a reflective LCOS panel. We use a projection lens to project the image from the LCOS panel. By controlling the focal length of the LC lens at different voltages, the location of the focused and projected image or the image distance (s 0 ) can be electrically adjusted. The projected image is then observed on the observation plane. Conventional LC lenses require polarizers owing to the polarization-dependent lens properties. Since the light passing through the projection lens is linearly polarized in LCOS-based pico-projectors, we do not attach any extra polarizer on the LC lens. At V ¼ 0, the focal length of the LC lens is infinity. The image distance of the whole projection system is determined by the projection lens only. Typical pico-projectors do not have a LC lens, and the image plane is manually adjusted by varying the distance (d) of the projection lens. The effective optical system of Fig. 1 (a) is depicted in Fig. 1(b) . The objective image is generated by the LCOS panel and then is imaged on the observation plane by both the projection lens and the LC lens. PP 1 and PP 2 are the two principal planes of the projection lens. When the position of the projection lens changes by a distance of d, the objective distance between the LCOS panel and principal plane PP 1 of the projection lens is (s þ d), and the distance between the LC lens and principal plane PP 2 of the projection lens is (x À d). The focal lengths of the projection lens and LC lens are denoted as f pj and f LC , respectively. After the first image is formed by the projection lens, we can assume that the distance between the LC lens and the first image is p. According to the image equation, first image formed by the projection lens and second image formed by the LC lens can be expressed as
We can combine eqs. (1) and (2) by eliminating p to obtain eq. (3):
where f LC ðVÞ is the voltage-dependent focal length of the LC lens. In eq. (3), s 0 depends on the focal length of the LC lens at a fixed d. Therefore, the imaging plane of the picoprojection system is electrically tunable.
Experiment and Results
To demonstrate the concept of the proposed pico-projector, a commercial LCOS-based pico-projector (Himax HX7027-3W50-May), which is manually focused, was adopted. A LC lens was attached on a projection lens whose aperture size was 11.28 mm. The structure of the LC lens was based on two-voltage structure as shown in Figs. 2(a) and 2(b). 25, 26) The structure of the LC lens consists of three indium tin oxide (ITO) glass substrates of thickness 0.7 mm, a polymeric layer of NOA81 (Norland Optical Adhesive) with a thickness of 35 mm, and a LC layer with a thickness of 25 mm. The ITO layer of the middle ITO glass substrate was etched with a hole pattern within a diameter of 2 mm in order to provide an inhomogeneous electric field to the LC directors, and the opposite side of this ITO glass substrate was coated with a mechanically buffed poly(vinyl alcohol) (PVA) layer to align the LC directors. The bottom ITO glass substrate was also coated with an alignment layer with mechanically buffed polyimide layer. The rubbing directions of the two alignment layers are anti-parallel. The MLC-2070 nematic LC mixture (Merck, Án ¼ 0:26 for ¼ 589:3 nm at 20 C) was used. The voltage applied between the holepatterned ITO layer and the bottom ITO layer was fixed and was defined as the holding voltage (V H ). The other applied voltage was controllable and was defined as the operating voltage (V o ). The main purpose of the holding voltage is to first generate a phase profile of a positive lens, and then the phase profile is adjusted by varying the operating voltage. In this way, the focal length of the LC lens is positive and electrically tunable with good imaging properties. We define the difference between V H and such as the knife-edge technique, can enable us to measure the waist of the beam and thus to determine the focal length of the LC lens. The measured response time was 880 ms when the operating voltage was switched from 90 to 0 V rms , and was 313 ms when the operating voltage was switched from 0 to 90 V rms .
We first measured the manual focusing properties of the pico-projector. We measured the image distance [i.e., s 0 in Figs. 1(a) and 1(b) ] of a focusing image as a function of the moving distance of the projection lens [the moving direction is depicted in Fig. 1(a) Figs. 1(a) and 1(b) ] when the contrast ratio of the projected image of the resolution chart was maximal. The measured results are shown in Fig. 3(a) . The pico-projector was manually focused from an image distance of 350 to 35 cm when we moved the projection lens from 0 to 0.94 mm. The image distance decreases when we increase the moving distance of the projection lens. Using eq. (3), we can calculate the image distance of a manually focusing picoprojector. In eq. (3), f LC ðVÞ is infinity and the moving distance of the projection lens is less than 1 mm (i.e., d ( x and d ( s). Equation (3) can be rewritten as
The calculated results (triangles) are also plotted in Fig. 3(b) . In Fig. 3(b) , the image distance decreases with increasing ÁV. The image distance was tunable from 350 to 14 cm at d ¼ 0 and from 35 to 9 cm at d ¼ 0:94 mm when ÁV was increased from 0 to 90 V rms . Therefore, using an electrically tunable focusing LC lens as an active imaging element, the manually operated pico-projector becomes an electrically focused pico-projector at a fixed d. The minimal focused image distance of the electrically tunable focusing pico-projector can even be made shorter than that of the manually operated pico-projector. This is because the wave after passing through the projection lens is nearly a plane wave at a small d, and then the LC lens is an effective phase modulator of the curvature of such a plane wave. As a result, the change of the image distance is large and limited by the LC lens power when a voltage is applied to the LC lens. Comparing Fig. 3(a) with Fig. 3(b) , the position of the projection lens can determine the initial location of the image plane at ÁV ¼ 0, and the image plane can be adjusted by the LC lens when we apply voltage to the LC lens. The longer the image distance set by the projection lens, the larger the electrically tunable range that can be obtained by using the LC lens.
Discussion
In order to further investigate the tunable focusing range of the electrically tunable pico-projector, the results calculated using eq. (3) at d ¼ 0 and 0.94 mm are plotted in Fig. 3(b) . The calculated results agree with the experimental results. To discuss the results in Fig. 3(b) , we replace eq. (3) Fig. 3(b) . This is because the wavefront of the incident light to the LC lens is almost planar after passing through the projection lens when s the image distance is mainly determined by the projection lens and that we can only adjust the focal length slightly using the LC lens, as shown by the results for d ¼ 0:94 mm in Fig. 3(b) . Figures 4(a)-4(c) show the image quality of the manually focusing pico-projector and the electrically tunable focusing pico-projector when we input a portrait to the LCOS panel. In order to keep the same aperture of the system, the case shown in Fig. 4(a) , we removed the LC lens but we placed an aperture stop of 2 mm diameter to replace the LC lens with an aperture of 2 mm. We then adjusted the location of the projection lens untill the image was clear when the image distance was 50 cm. For Figs. 4(b) and 4(c) , we removed the aperture stop and the LC lens was reattached on the pico-projector. The images were observed without and with an applied voltage at an image distance of 50 cm at d ¼ 0. In Fig. 4(c) , the pico-projector with the LC lens indeed shows a good electrically tunable performance. In Figs. 4(a) and 4(c), the brightness of the focused image did not change significantly when the LC lens was used as an active optical element. This is because we did not attach an extra polarizer to the LC lens since the polarization of the projected light from the LCOS-based projection system was linearly polarized. However, the brightness still decreases by approximately 17% because of the multiple reflections in the multilayer structure, and the absorption resulting from the alignment layer and the ITO layers. The anti-reflection coating can improve the brightness of the projected image. In addition, the aperture mismatch between the projection lens ($11:28 mm) and the LC lens ($2 mm) can also degrade the brightness of the image and also cause vignetting. We can reduce this by enlarging the aperture of the LC lens.
The wavelength is also an important factor when using the LC lens owing to the wavelength-dependent birefringence and dispersion of LCs. In the measurement, the focal length of the LC lens changes from 14.5 cm for a wavelength of 650 nm to 11.6 cm for a wavelength of 450 nm. We also measured the on-axis optical performance of the LC lens at different wavelengths using equipment to measure the modulation transfer function (MTF; Trioptics ImageMaster HR). The MTF of the target is defined as the ratio of the difference between the maximal and minimal luminances to the sum of the maximal and the minimal luminances at different spatial frequencies. 28) In order to compare the imaging results, we first measured the MTF of a commercial lens module (Largan Precision; effective focal length = 4.73 mm) for an image sensor of 5 megapixels and then we measured the MTF of the lens module with the LC lens. The MTF or the modulation as a function of spatial frequency at different wavelengths is shown in Fig. 5 . In Fig. 5 , the MTFs of the lens module at different wavelengths are slightly different owing to the dispersion properties. After attaching the LC lens on the lens module, the MTFs of the system are smaller than those of the lens module. That means that the image quality degrades slightly from the average modulation of $0:65 to that of $0:44 at 140 lp/mm owing to the LC lens. In Fig. 5 , the dispersion properties of the system consisting of the LC lens and the lens module are similar to those of the len module. The modulation of the LC lens attached on the lens module is $0:47 at 546 nm and $0:40 at 486 nm. The dispersion of the LC lens does not affect the image quality markedly as we can see in Fig. 4 . The high image quality of the LC lens is because of the paraboloid-like phase profile of the LC lens.
Conclusions
We have demonstrated an electrically tunable pico-projector by adopting a LC lens as an active optical element. The brightness of the projected image does not decrease markedly compared with what because no extra polarizer is used. The focal length of the system can be electrically tunable from 350 to 14 cm and the tunable range is even wider than that of a manually focused pico-projector. The response time is approximately 1.2 s. However, the location of the projection lens can affect the electrically tunable range of the system. A small shift of the projection lens results in a large tunable focusing range of the pico-projector, and the tunable focusing range is determined by the LC lens. A large shift of the projection lens results in a small tunable focal length. The concept we proposed in this paper can also be applied to other electrically tunable focusing optical devices as active optical elements in pico-projectors, such LC lens with different structures, liquid lenses, and spatial light modulators. [4] [5] [6] [7] [8] [9] [10] We believe that the achievements of this study open a new window for electrically tunable focusing pico-projectors.
